The electronic structure and the magnetism of the novel ferromagnetic semiconductor (Ga,Fe)Sb, whose Curie temperature T C can exceed room temperature, were investigated by means of x-ray absorption spectroscopy (XAS), x-ray magnetic circular dichroism (XMCD), and resonance photoemission spectroscopy (RPES). The line-shape analyses of the XAS and XMCD spectra suggest that the ferromagnetism is of intrinsic origin. The orbital magnetic moments deduced using XMCD sum rules were found to be large, indicating that there is a considerable amount of 3d 6 contribution to the ground state of Fe. From RPES, we observed a strong dispersive Auger peak and non-dispersive resonantly enhanced peaks in the valenceband spectra. The latter is a fingerprint of the correlated nature of Fe 3d electrons, whereas the former indicates their itinerant nature. It was also found that the Fe 3d states have finite contribution to the DOS at the Fermi energy. These states presumably consisting of majority-spin p-d hybridized states or minority-spin e states would be responsible for the ferromagnetic order in this material.
I. INTRODUCTION
To create functional devices exploiting the spin degree of freedom in semiconductors has been one of the major challenges in the field of electronics [1] [2] [3] . Under such circumstances, magnetically doped semiconductors, or diluted magnetic semiconductors (DMSs), have attracted much attention since they possess both magnetic and semiconducting properties [4] [5] [6] [7] [8] [9] . Mn-doped III-V semiconductors such as (In,Mn)As 10,11 and (Ga,Mn)As [12] [13] [14] have been extensively studied because they exhibit carrier-induced ferromagnetism, where the ferromagnetic interaction between the Mn magnetic moments is mediated by hole carriers, and it is possible to control the ferromagnetism through changing the carrier concentration by gate voltage 15, 16 3 configuration, no charge carrier will be provided and hence both n-and p-type conduction will be possible via additional carrier doping. In fact, (Al,Fe)Sb is insulating, (In,Fe)As:Be n-type, where doped interstitial Be atoms act as double donors, and (Ga,Fe)Sb p-type, where native charged defects such as Ga anti-sites are thought to act as acceptors and provide holes.
The T C 's of these materials are relatively high, 70 K for (In,Fe)As:Be 22 , 40 K for (Al,Fe)Sb 26 , 335 K for (In,Fe)Sb 27 , and 340 K for (Ga,Fe)Sb 25 . It has been found that the distribution of Fe atoms is non-uniform in the zinc-blende crystal structure of these materials, which seems to play an important role in stabilizing the ferromagnetic order 24, 26, 30 . However, the microscopic origin of the ferromagnetism in terms of their electronic structures has not been clarified yet and remains to be investigated. For this purpose, we have performed soft x-ray absorption spectroscopy (XAS),
x-ray magnetic circular dichroism (XMCD), and resonance photoemission spectroscopy (RPES) studies of (Ga,Fe)Sb.
XAS and XMCD at the L 2,3 absorption edges of the 3d transition metals are very powerful methods for the purpose of clarifying the electronic structures related to the ferromagnetism.
Since x-ray absorption takes place at a specific constituent atom, one can obtain element-specific information about the electronic structure and its relation to the magnetism, excluding extrinsic 2 effects such as diamagnetic contribution from the substrate. XMCD sum rules make it possible to obtain the spin and orbital magnetic moments of the constituent atoms separately 31, 32 . In addition to XAS and XMCD, resonance photoemission spectroscopy (RPES) has been frequently employed as a direct probe to examine the electronic structure of materials. RPES provides the information about the partial density of states (PDOS) of 3d transition-metal element, and has been used to study the electronic structures of ferromagnetic semiconductors (FMSs) such as (Ga,Mn)As 33,34 , Ge:Fe 35 , and (Ba,K)(Zn,Mn) 2 As 2 36,37 . Moreover, the combination of RPES and XMCD yields the PDOS of only ferromagnetically active components, and is suitable for studying FMSs, where doped magnetic atoms are often oxidized at the surface.
II. EXPERIMENT
Ga 1−x Fe x Sb films with two different Fe contents x = 6.0 and 13.7% (referred to as sample A and B, respectively) were grown on GaAs(001) substrates using the low-temperature molecular beam epitaxy (LT-MBE) method. To relax the lattice mismatch between (Ga,Fe)Sb and GaAs, three buffer layers were inserted; initially GaAs (50 nm) and AlAs (10 nm) layers were successively grown at the substrate temperature T S of 550 • C, and then an AlSb (100 nm) layer at T S = 470
• C. After growing the buffer layers, the (Ga,Fe)Sb layer of 50 nm thickness was grown. Here, the T S was set to 200
• C for sample A and 250
• C for sample B. Lastly sub-nanometer-thick amorphous As cap layer was deposited to prevent surface oxidation. Note that sample A was paramagnetic down to 5 K, and sample B was ferromagnetic with T C = 170 K. In order to remove the oxidized surface, we etched the sample by hydrochloric acid (HCl) (2.4 mol/L) for 5 seconds and subsequently rinsed it by water just before loading the sample in the vacuum chamber of the spectrometer 35, 38 .
All the measurements were performed at beam line BL23SU of SPring-8. Circularly polarized x rays of 690 -780 eV were used for both absorption and photoemission measurements. For XMCD measurements, a magnetic field was applied parallel to the incident x rays and perpendicular to the sample surface. Absorption signals were taken in the total electron yield (TEY) mode, and dichroic signals were measured by reversing the helicity of x rays with 1 Hz frequency at each photon energy under a fixed magnetic field. In order to eliminate spurious XMCD signals, the scans were repeated with opposite magnetic field directions. Each XMCD spectrum was obtained as the average, namely, ((σ +,h − σ −,h ) + (σ −,−h − σ +,−h )), where σ denotes the absorption crosssections, the first subscript the helicity of x rays, and the second subscript the sign of the magnetic field. XAS was obtained as the summation of all the four terms. Note that two-step inverse tangent 3 function representing the Fe L 2,3 -edge jumps were subtracted from each term 39 .
For RPES measurements, the sample temperature was set to 100 K, and the energy resolution was about 150 meV. In addition to the main peak at ∼708 eV, there is a shoulder at ∼710 eV, which is more evident in XAS than in XMCD. This can be attributed to Fe 3+ oxides formed at the surface because the feature at ∼710 eV was prominent before etching and disappeared almost completely after etching, as shown in Fig. 2 . Here, the spectra of both paramagnetic and ferromagnetic samples after etching resemble those of Ge:Fe and (In,Fe)As:Be. Using these two spectra containing the different degrees of contribution from surface oxides, it was possible to deduce the intrinsic spectra 
# to the spectra of α-Fe 2 O 3 shown by the green dashed curve. Thus obtained intrinsic and extrinsic components are separately shown in Fig. 2 by red and orange dashed curves, respectively, for both spectra before and after etching. From this procedure, it was found that the extrinsic contribution to the XAS was almost ∼ 60 % before etching, and was significantly reduced to ∼ 4% after etching, which guarantees the efficiency of HCl etching.
One may suspect that, because the spectra look similar to those of bcc Fe, the magnetism may originate from nanoscale metallic Fe precipitates in the samples. In order to rule out this possibility, details of the "intrinsic XAS" and XMCD spectra at the Fe L 3 edge are shown in the inset of Fig. 2 together with the second derivative XAS spectrum to highlight weak shoulders on the XAS spectrum labeled a − d. Here, the signs of XMCD and the second derivative XAS spectra are reversed for ease of comparison. The XAS spectrum of (Ga,Fe)Sb mainly consists of two features c and d, which do not coincide with the feature in XMCD (labeled b). This is not the case for bcc Fe, where the XAS spectrum consists of a broad single peak, and the peak positions of XAS and XMCD indeed coincide 30 . Such a peak-position difference was also found in (In,Fe)As:Be 30 and Ge:Fe 43 , and might be a universal spectral feature of Fe-doped semiconductors.
Note that there is also a shoulder at ∼710 eV in the XMCD spectra originating from Fe 3+ oxides, edge. Second derivative of the XAS spectrum is also shown to emphasize weak features, labeled as a-d.
Here, the signs of the XMCD and the second derivative spectrum have been reversed. but the contribution is much smaller.
By applying the XMCD sum rules, we have estimated the spin and orbital magnetic moments 6 of Fe 31,32 as follows.
where m orb and m spin are the orbital and spin magnetic moments in units of µ B , respectively, and n h the number of 3d holes. Here, we have ignored the magnetic dipole term, which is negligibly small for an atomic site with high symmetry such as The raw XAS and XMCD spectra after etching are used for the sake of simplicity because extrinsic contribution was only a few percent. For the purpose of examining the nature of resonance enhancement, it is useful to plot the intensity at a fixed binding energy as a function of incident photon energy, namely, a constantinitial-state (CIS) spectrum. In order to eliminate the effect of the overlapping Auger peak from the CIS spectra and to extract the resonance behavior of features α and β, we have employed curve fitting as shown in Fig. 4(a) . In the figure, resonance peaks α and β are fitted by Gaussian functions and the Auger peak with its tail is fitted by an asymmetric Gaussian function introduced in Ref. 57 . CIS spectra for features α and β were obtained from the peak areas of the Gaussian functions. This is an ad hoc procedure, but still it provides a reasonable description of the resonance enhancement.
Figures 4(b) and 4(c) show the RPES spectra on an expanded scale near E F . The data of the 6% Fe-doped sample have been smoothed and multiplied by 3.5 for ease of comparison with the data of the 13.7% Fe-doped sample. As can be seen from the figures, the spectral intensities at E F for both samples are enhanced on resonance, suggesting that Fe 3d states have finite contribution to the DOS at E F . Here, the CIS spectrum at E F is defined as the area of RPES spectra between E − E F = −0.6 eV and 0.2 eV.
Thus obtained CIS spectra for features α, β, and the intensity at E F are plotted in Fig. 4(d) together with the Auger peak height as a function of photon energy and the XAS spectra. The CIS spectrum for feature α is peaked at hν = 707.5 eV, but that for feature β is peaked at a higher photon energy of hν = 708 eV for both samples. The difference in the CIS peak positions implies that the broad XAS spectra actually consist of different kinds of excitations, which may correspond to peaks c and d in the inset of Fig. 2 , probably involving different types of 3d orbitals,
i.e., t 2 and e orbitals, rather than excitation into a single kind of broad metallic bands as in the case of bcc Fe metal. We note that the CIS spectra of features α and β vanish around the photon energy of 710 eV, at which the extrinsic Fe 3+ shoulder exists on each XAS spectrum. Therefore, Note that, although the low carrier concentration of (Ga,Fe)Sb would be explained by Fe 3+ scenario instead, where only the p-d exchange interaction is present, it seems difficult to explain why ferromagnetism is universally observed in the other Fe-doped FMSs regardless of the carrier type.
It is worth mentioning that a recent theoretical calculation 65 has pointed out the important role of superexchange interaction. In order to resolve the puzzle and to fully understand the peculiar nature of the ferromagnetism in the Fe-doped FMSs, further theoretical and experimental studies are necessary.
V. SUMMARY
In the present work, we have studied the electronic structure and the magnetism of the novel p-type ferromagnetic semiconductor (Ga,Fe)Sb, whose Curie temperature exceeds room temperature, using XAS, XMCD, and RPES. The line shapes of XAS and XMCD spectra suggested that the ferromagnetism is of intrinsic origin. XMCD sum rules yielded an unquenched large orbital moment, implying the 3d 6 configuration of Fe. The valence-band RPES spectra showed a dispersive Auger peak and non-dispersive resonantly enhanced peaks, which are fingerprints of the itinerant and correlated nature of the Fe 3d electrons, respectively. It was also found that there is a finite Fe PDOS at the Fermi level. This has been attributed to majority-spin antibonding p-d(t 2 ) hybridized state and/or minority spin e state, both of which can play a role in stabilizing the ferromagnetic order through p-d exchange interaction and double exchange interaction, respectively. 
